Abstract RirA is a global regulator of iron homeostasis in Rhizobium and related a- 
Introduction
Iron-sulphur clusters are ubiquitous protein cofactors that play essential roles across all of life in processes as diverse as respiration, photosynthesis, and DNA replication (Beinert et al., 1997; Johnson et al., 2005) , with recent evidence that they may be even more abundant than initially thought (Rouault, 2015) . Elucidating the precise nature of their roles is a major challenge, which is often complicated by the extreme reactivity of the cluster to O 2 and other gases. However, this very sensitivity has been exploited through the evolution of iron-sulphur cluster-containing transcriptional regulators that enable cells to sense and respond to, for example, oxidative stress and changes in concentrations of metabolically important species such as O 2 and iron (Beinert and Kiley, 1999; Crack et al., 2014a) .
Iron is an essential micronutrient for nearly all of life, but is also potentially extremely toxic due to its ability to catalyse, via redox cycling, the formation of damaging reactive oxygen species. Consequently, for life to flourish, not only must sufficient iron be obtained from the environment, but its precise form must be carefully controlled (Andrews et al., 2003) . A central part of this control is exerted through the regulation of iron uptake into the cell in response to intracellular iron levels. In many bacteria, including such taxonomically diverse model organisms as Escherichia coli and Bacillus subtilis, iron uptake is under the control of the global iron regulator Fur (Ferric uptake regulator). Iron is sensed through the availability and binding of Fe 2+ directly to the Fur protein, resulting in a eLife digest Virtually all life forms require iron to survive, yet too much of the metal can be catastrophic. In healthy cells, many systems regulate this delicate balance. For instance, when a protein called RirA is active in Rhizobium bacteria, it can sense high levels of the metal and helps to shut down the production of proteins that bring in more iron. RirA contains a cluster of four iron and four sulphur atoms, which acts as a sensor for iron availability: however, exactly how this cluster structure detects the levels of the metal in a cell was previously unclear. Pellicer Martinez, Crack, Stewart et al. used a technique known as time-resolved mass spectrometry to examine the sensory response of the iron-sulphur cluster of RirA when different levels of iron were available. The results revealed a 'loose' iron atom in the cluster; when iron levels fall down, this atom is rapidly lost as it is scavenged for use in other essential processes. Without it, the cluster in RirA collapses and the protein becomes inactive. This prompts the cell to produce proteins that enable it to take up iron from its surroundings. Once iron levels are high, RirA can regain its cluster and is active again, stopping the production of proteins that bring in more iron.
Iron-sulphur clusters are common in many proteins, and this work offers new insight into their various roles. It also highlights the potential to use time-resolved mass spectrometry to examine biological processes in depth.
cofactor interactions where the cofactor remains bound following ionisation, and amongst these, ESI-MS of metalloregulators (Glauninger et al., 2018) and iron-sulphur cluster proteins (Johnson et al., 2000) and their reactivity have also been shown to be valuable. Time-resolved mass spectrometry has been exploited for studying protein metal ion binding (Ngu and Stillman, 2006 ) and heme transfer (Tiedemann et al., 2012) , and for structural studies using H/D exchange (Konermann et al., 2011) . Recently, time-resolved ESI-MS provided detailed mechanistic information of the O 2 -sensing reaction of the [4Fe-4S] cluster binding FNR regulator .
Here, we employed time-resolved ESI-MS under non-denaturing conditions, along with EPR spectroscopy, to elucidate the exact series of molecular events involved in the conversion of the RirA cluster in response to key environmental signals. The data reveal, in remarkable detail, the nature of intermediates formed and differences in cluster conversion under aerobic and anaerobic conditions. Importantly, we find that the key sensing step, the initiation of cluster conversion/degradation, is dependent on Fe 2+ but is independent of O 2 , and that the K d for the fourth iron binding to the cluster is in the low micromolar range, supporting a primary role for RirA as an iron sensor in vivo. Nevertheless, O 2 influences the overall rate of cluster decay through the oxidation of a key cluster intermediate and of cluster-derived sulphide. Together, the data provide a comprehensive mechanistic and functional view of an important iron-responsive regulator.
Results and discussion
Mass spectrometric analysis of [4Fe-4S] RirA cluster conversion under anaerobic conditions
Regular electrospray ionisation mass spectrometry (ESI-MS) in water/acetonitrile acidified with formic acid results in denatured proteins and the loss of non-covalently attached cofactors. However, the use of a volatile buffer at physiological pH is known to preserve the protein's folded state and, with it, any bound cofactors . Therefore, using ESI-MS under such non-denaturing Figure 1 . Model of the homodimer form of [4Fe-4S] RirA. Cartoon ribbon representation showing one protomer in blue and the other in beige, with iron and sulphide ions in brown and yellow, respectively. The model was generated using Swiss-Model (Bienert et al., 2017; Pettersen et al., 2004 ) based on the structure of Streptomyces coelicolor [4Fe-4S] NsrR (PDB: 5N07) (Volbeda et al., 2017 ). An amino acid residue alignment between RirA and NsrR is shown in Figure 1 -figure supplement 1. DOI: https://doi.org/10.7554/eLife.47804.003
The following figure supplement is available for figure 1: conditions, we set out to observe in real time the decay of the [4Fe-4S] RirA cluster in response to low iron conditions and to determine the identity of any intermediary cluster conversion breakdown products. The feasibility of this approach was indicated by the previously reported ESI-MS of [4Fe-4S] RirA (Pellicer Martinez et al., 2017) , in which both dimeric and monomeric forms were observed. Ionisation of RirA in the MS experiment results in partial dissociation of the RirA dimer into monomers. Initially, conditions for the formation of the monomeric form were optimised because this enabled the unambiguous assignment of cluster species. Analysis of the RirA dimer follows in a later section. The initial spectrum, Figure 2A (black line), in which the protein was held under non-denaturing anaerobic, iron-replete conditions, was very similar to that previously described for cluster-bound RirA (Pellicer Martinez et al., 2017) ; the major peak at 17,792 Da corresponds to the [4Fe-4S] form (see Supplementary file 1 for predicted and observed masses), but a range of lower intensity cluster breakdown species was also present, which are most likely due to cluster damage sustained during the exchange of the protein into the volatile buffer necessary for ESI-MS studies. Indeed, these were observed to decay away while the [4Fe-4S] form remained stable (Figure 2-figure supplement 1) , consistent with previous studies that demonstrated that the [4Fe-4S] form of RirA is entirely stable under anaerobic, iron-replete conditions (Pellicer Martinez et al., 2017) .
We previously showed that various Fe 2+ chelators, including EDTA and Chelex 100, can simulate low iron conditions by efficiently competing for Fe 2+ . The lack of dependence on the concentration or type of chelator used indicated that this competition occurs through two equilibria corresponding to the loss of iron from the cluster and subsequent binding by the chelator. Consistent with this, under low iron conditions generated by the anaerobic addition of 250 mM EDTA, major changes in the ESI-MS spectrum were observed after 30 min, Figure 2A . ESI-MS changes were then measured over this time period (t = 0 is the spectrum prior to the addition of chelator, t = 30 is 30 min post addition Figure 2B and Supplementary file 1). These species then subsequently decayed away ( Figure 2C) , with a peak at 17442 Da, due to apo-RirA, becoming the major feature of the spectrum. Peaks at +16, 32 and 64 Da, due to oxygen or sulphur adducts of apo-RirA, were also observed, though at relatively low intensity. The full time course is shown as a 3D plot in Figure 2D .
To assist with unambiguous assignment of cluster-bound forms of RirA, [4Fe-4S] RirA with cluster sulphide specifically labelled with 34 S was generated via in vitro cluster synthesis (cluster reconstitution) using 34 S-L-cysteine . The major peak in the deconvoluted ESI-MS spectrum was at 17,800 Da, shifted +8 Da relative to the natural abundance (predominantly 32 S) form of [4Fe-4S] RirA, Figure 3A and Supplementary file 1. Exposure of the 34 S form to EDTA under anaerobic conditions resulted in a set of peaks, due to intermediate species, observed at masses shifted relative to those of the 32 S sample, Figure 3B -G. Figure 3H ). The apo-RirA adduct at +16 and +32 Da were also not shifted, suggesting that these are due, respectively, to one and two O adducts, while the peak at +64 Da was shifted by + 4 Da, consistent with a double sulphur adduct derived from cluster sulphide (Figure 3-figure supplement 1) . The latter arises as a result of oxidation of cluster sulphide, generating S 0 , which can be incorporated into Cys thiol side chains. The origin of oxygen adducts is less clear. Recent ESI-MS studies of the anaerobic nitrosylation of NsrR also revealed O adduct species , and we note that under certain conditions aqueous samples may generate oxygen in the ESI source (Banerjee and Mazumdar, 2012) . It is well established that non-denaturing ESI-MS can be used to follow chemical processes in solution (e.g. ligand binding to a protein or isotope exchange over time), yielding quantitative thermodynamic and kinetic information (Hopper and Robinson, 2014; Ngu and Stillman, 2006; Crack et al., 2017; Pacholarz et al., 2012; Schermann et al., 2005) . To determine the sequence of events in RirA [4Fe-4S] cluster degradation, abundances of the different cluster fragment species in Figure 3 were analysed as a function of time. Figure 4A shows plots of relative intensities due to Pellicer Martinez et al., 2017) . However, the buffer conditions used in the present study, and which are required for the ESI-MS experiment, appear to reduce the stability of the [2Fe-2S] form leading to observation of apo-protein ( Figure 4E ), as recently observed following conversion of the O 2 sensor [4Fe-4S] FNR to its [2Fe-2S] form . The observed sequence of cluster intermediates provided an outline for the mechanism of cluster conversion/degradation, which was used as the basis for global analysis of multiple (n = 4) mass spectrometric kinetic data sets. Iterative optimisation of the mechanism/global fit resulted in the reaction scheme shown in Figure 5 , with corresponding fits of the peak intensities due to the formation and/or decay of Figure 4 ). Rate constants obtained from the fit to the reaction scheme are given in Table 1 .
The mechanistic scheme indicates that loss of a single iron or sulphide ion appears to be an obligatory first step in the cluster conversion process. However, the rate constant describing the loss of a sulphide to generate [4Fe-3S] is extremely low, indicating that this reaction does not occur as a significant part of the (chemical) conversion mechanism and that the observation of a [4Fe-3S] species (which is present at time zero following addition of EDTA) results from damage to the cluster during ionisation. It is important to note that the extent of cluster damage is low and this does not affect the mechanistic picture of the cluster conversion/degradation reaction that emerges. Thus, loss of an initial iron, [4Fe-4S] to , is the heavily favoured route for the initiation of cluster conversion. Another important feature of the global fit is that the first step, loss of Fe 2+ from [4Fe-4S] 2+ , is reversible. The overall rate of cluster conversion observed here is significantly higher than that previously reported from absorbance kinetic experiments (Pellicer Martinez et al., 2017) . To confirm that ESI-MS and absorbance spectroscopy report on the same process, cluster degradation was followed by monitoring A 382 nm (corresponding to the maximum absorbance of the [4Fe-4S] cluster) as a function of time for a [4Fe-4S] RirA sample in volatile ammonium acetate buffer (necessary for ESI-MS measurements) rather than the HEPES buffer previously used (Pellicer Martinez et al., 2017) , see Figure 4F . The decay fitted well to a bi-exponential function, where the initial, more rapid phase must correspond to the loss of the [4Fe-4S] cluster (in which it converts to a species that cannot be identified by its absorbance alone), followed by a slower phase that corresponds to further decay of the cluster. cluster would be expected to result in some change in the UV-visible absorbance spectrum, as observed here and for a similar process in aconitase (Emptage et al., 1983) . Thus, the enhanced rate of conversion reported here is not a consequence of the ESI-MS method, but rather reflects the different buffer conditions used here compared to those of the previous study (Pellicer Martinez et al., 2017 form was observed in mass spectra, its temporal behaviour could not be sensibly modelled, suggesting that it might, at least in part, arise from spontaneous re-assembly of cluster fragments as iron/ sulphide ions are released during cluster conversion/degradation. Martinez et al., 2017) . Interestingly, the formation of sulphur adducts of apo-RirA, which were confirmed to be derived from cluster sulphide by 34 S-dependent mass shifts ( Figure 6 -figure supplement 1), occurred to a much greater extent in the presence of O 2 , consistent with O 2 acting as oxidant for S 2-ions released from the cluster ( Figure 6 ). Low abundance peaks due to oxygen adducts (the first at apo-RirA +16 Da) were also observed ( Figure 6-figure supplement 1) . The temporal behaviour of the double sulphur adduct of apo-RirA is shown in Figure 7E . A global analysis of the aerobic kinetic ESI-MS data was achieved on the basis of the same mechanistic scheme employed for the analysis of anaerobic data ( Figure 5 ) -see the solid lines in the kinetic plots of Figure 7 . The rate constants obtained from the fit are consistent with the enhanced rates of several steps in the conversion mechanism in the presence of O 2 ( Table 1) . As a control, absorbance spectroscopy was again used to monitor the decay of A 382 nm as a function of time for an aerobic [4Fe-4S] RirA sample in ammonium acetate buffer ( Figure 7F) . In contrast to the equivalent anaerobic experiment ( Figure 4F ), the data were fitted well by a single exponential function with a rate constant, k = 0.34 min À1 , again in excellent agreement with that obtained for the initial,
[4Fe-4S] to [3Fe-4S] step of the cluster conversion reaction ( Table 1) . To facilitate direct comparison of kinetic data, samples were prepared at the same concentration, in the same buffer and at the same temperature as used for the mass spectrometric studies. An S = ½ signal at g = 2.01, similar to that previously reported for RirA (Pellicer Martinez et al., 2017) , was observed, which was assigned to the [3Fe-4S] 1+ cluster intermediate ( Figure 8A) . However, the detection of a [3Fe-3S] intermediate also raised the possibility that this species might be responsible for the EPR signal, as recently proposed for cluster conversion in [4Fe-4S] FNR . So, to investigate the EPR-active species in more detail, the saturation properties of the g = 2.01 EPR signal were studied as a function of microwave power and temperature (Figure 8-figure supplement 1) . Signal intensities as a function of temperature at six microwave power values were plotted ( Figure 8B and Figure 8-figure supplement 2) . The inclusion of a 1/T hyperbola ( Figure 8B ) reveals the narrow temperature interval in which the EPR signal follows the Curie law (based on nonsaturated and non-broadened lines originating from an undisturbed Boltzmann distribution of energy levels populations) for each microwave power. At a very low microwave power, such as 3.2 mW, the EPR signal perfectly obeyed the Curie law in the explored temperature range of 4-15 K. As the power was increased, the temperature dependence in the 4-9 K region became lower, indicating power saturation at these temperatures for all powers ! 100 mW. At temperatures above~20 K, all dependences deviated from the Curie hyperbola, which is an effect of line broadening. No microwave power was able to produce any detectable EPR absorbance at temperatures above 50 K. This is a particular characteristic of [3Fe-4S] 1+ clusters; they exhibit the most sensitive dependence on increasing temperature, with signal disappearing at a lower temperature than for any other cluster type (Svistunenko et al., 2006) . Such microwave power saturation behaviour, as well as the g-value and EPR line shape are highly characteristic of well-characterised [3Fe-4S] 1+ clusters (Beinert and Thomson, 1983; Cammack, 1992 Figure 8A . Quantification of the g = 2.01 signal revealed that~1 mM (~4%) of the cluster was present in the [3Fe-4S] 1+ form at time zero, prior to the introduction of chelator and O 2 . The signal intensity increased with time up to~4.5 mM (~18% of the original cluster concentration) by 3 min before decaying away over the next 15 min ( Figure 8A and C). Figure 8D) . A signal similar to that observed in the aerobic experiment was detected, but at a significantly lower concentration. Beginning at~4% of original cluster concentration, the signal increased only to~6.5% after 5 min, then remained at that level up to~15 min before returning to its pre-EDTA exposure concentration ( Figure 8C and D aerobic or anaerobic conditions. One possibility is that this low intensity residual signal represents an 'off pathway' form of the cluster that is less reactive. Figure 7B and the EPR intensity data for [3Fe-4S] 1+ is shown in Figure 8C . iron sensing. If this is the case, then the binding affinity of the fourth iron should reflect the likely 'free' iron concentration of the cell, to which it would need to respond. Levels of 'free' or chelatable iron have not been reported for R. leguminosarum, but have been measured for Escherichia coli, in which it was found to be~10 mM (Keyer and Imlay, 1996) , and there are no a priori reasons why those in other proteobacteria should be very different. Mag-fura-2, which binds Fe 2+ to form a 1:1 complex with a K d of 2.05 mM, has been used previously to probe Fe 2+ -binding to proteins (Rodrigues et al., 2015) . equilibrium, and that no further cluster (conversion/degradation) reaction occurred on the timescale of the measurement. Resulting spectra were corrected for contributions from the underlying FeS cluster absorbance and normalised, as described in Materials and methods, see Figure 9 . The data describe the increasing proportion of Fe 2+ that is bound by the ligand and are fitted by a simple binding isotherm, yielding an apparent K d that reflects the competition between mag-fura-2 and [3Fe-4S] RirA for Fe 2+ , from which the dissociation constant for RirA was readily determined as 
Iron-responsive cluster conversion in dimeric [4Fe-4S] RirA revealed by mass spectrometry
Conditions for the detection of the RirA dimer by ESI-MS were optimised (Pellicer Martinez et al., 2017) and time-resolved ESI-MS was used to follow cluster degradation in the RirA dimer under anaerobic conditions, see Figure 10A . The major species prior to addition of iron chelator were the cluster) as a function of concentration of free mag-fura-2. The data were fitted using a simple binding isotherm, giving an apparent K d , which reflects the competition between mag-fura-2 and RirA for iron. From this, the K d for binding of the fourth iron to the RirA cluster was determined as~3 mM as described in Materials and methods. DOI: https://doi.org/10.7554/eLife.47804.018
intensities, indicating that these forms are reactive intermediates during the dimer cluster conversion process and therefore do not accumulate. Importantly, the rate constant derived from the global fit for the initial reversible loss of Fe 2+ is very similar to that obtained from analysis of the monomer state (0.31 compared to 0.30 min À1 , Table 1 and Supplementary file 2). Finally, the extent of sulphur adduct formation was greater than observed in the monomer region under equivalent conditions. Thus, within the limits of what we are able to observe, the RirA dimer behaved similarly to the monomer, consistent with monomer species forming from dimers during the measurement.
Conclusions
The global iron regulator RirA differs in many respects from the well characterised bacterial iron regulator Fur, and so a distinct model is needed to account for how it senses and responds to the intracellular iron status. Data from ESI-MS under non-denaturing conditions, including 34 S isotope exchange, along with EPR spectroscopy, have provided a highly detailed view of the [4Fe-4S] RirA cluster degradation reactions in response to low iron and O 2 , another key environmental signal. In particular, the work further illustrates the remarkable potential of ESI-MS to provide time-resolved information on metallo-cofactor reactivity (that involves a change in mass), which is not available from other techniques. As shown in Figure 5 , the mechanism involves a complex series of events initiated by the loss of iron, resulting in a [3Fe . When cellular iron becomes scarce, competition for the dissociated Fe 2+ increases, and re-association is disfavoured. In order to effectively sense cytoplasmic iron levels, the affinity (dissociation constant) of the fourth cluster iron must be in the range of normal free (chelatable) iron levels. Although unknown for R. leguminosarum, cytoplasmic free iron has been measured for E. coli and found to be~10 mM (Keyer and Imlay, 1996) . Assuming that free iron levels are not very different in R. leguminosarum, the K d of~3 mM determined here for the [3Fe
2+ equilibrium is entirely consistent with an iron-sensing function.
Indeed, we note that Fur, the iron-sensing regulator of E. coli, binds Fe 2+ with a K d of~1-10 mM (Bagg and Neilands, 1987; Mills and Marletta, 2005) . Although done in vitro, the parameters that emerged are in keeping with its role as a Fe-responsive regulator in vivo. Here, as previously (Pellicer Martinez et al., 2017) , we have used the iron chelator EDTA to simulate low iron, via its ability to coordinate Fe 2+ that has dissociated from the RirA [4Fe-4S] cluster. While EDTA is clearly not a physiological ligand, it nevertheless induces low iron conditions by providing a sink for iron that simulates conditions under which cluster degradation occurs. Conditions such as this must exist in the cytosol of cells growing under iron-limiting conditions, where a myriad of iron-requiring systems are in competition for available iron, and where a drop in 'free' iron levels results in loss of RirA-mediated transcriptional repression leading to up-regulation of iron uptake systems. Martinez et al., 2017) . This raises the question of why the RirA cluster is so fragile. One possibility is that the cluster is bound to the protein only by the three conserved Cys residues, with the tetrahedral coordination of the non-Cys bound iron completed by a weakly interacting ligand such as water or hydroxide. Such an arrangement, which would enhance the lability of the site-differentiated iron of the [4Fe-4S] cluster, would be similar to that found in the mammalian iron sensor protein IRE-BP (iron regulatory element-binding protein) (Dupuy et al., 2006) , and it is tempting to speculate that this may be a general feature of iron-sensing iron-sulphur clusters. We also note that the key step of iron-sensing in RirA, the simple equilibrium binds the apo-form of these proteins (Lee and Helmann, 2007; Pohl et al., 2003; D'Aquino et al., 2005; Ding et al., 1996) . However, the relative complexity of the RirA cofactor (co-repressor) also showed higher reactivity, leading to an overall enhanced rate of degradation ( Figure 5 and Table 1 ). Understanding how iron and O 2 signals are sensed and integrated is important for all organisms that depend on both iron and O 2 . In the case of R. leguminosarum, RirA regulates not only iron uptake, but also iron-sulphur cluster biogenesis (Todd et al., 2006) . The RirA O 2 -sensing mechanism enables the cell to meet the requirement for iron-sulphur cluster biosynthesis under aerobic conditions (Imlay, 2006) . Under low iron and in the presence of O 2 , cluster degradation occurs more readily as a result of the combined effects of competition for iron and the enhanced rate of cluster degradation under oxidising conditions. The rate at which cluster conversion/degradation occurs is relatively slow, particularly compared to the rate at which the [4Fe-4S] $ [3Fe-4S] equilibrium is established. In some cases at least, sensing processes are relatively slow reactions. For example, the master regulator of the aerobic/anaerobic switch in many bacteria, [4Fe-4S] FNR, undergoes a similar [4Fe-4S] to [2Fe-2S] cluster conversion reaction over minutes (Crack et al., 2008; Crack et al., 2007) , with in vivo transcriptional responses occurring over a similar timescale (Partridge et al., 2007) . Responses to changes in iron levels mediated by Fur also occur over several minutes (Pi and Helmann, 2017) . Thus, the cellular response to change does not necessarily need to occur instantly, perhaps reflecting that environmental changes themselves may occur over a period of time. The similarities between the FNR cluster conversion mechanism and that described here for RirA are remarkable in that the two proteins have no sequence or structural similarity beyond the cluster, and FNR does not sense iron levels; its cluster is stable in the presence of iron chelators (Crack et al., 2008) .
The advances reported here are relevant to all species that utilise RirA as a regulator, including several important pathogens of plants and animals. This work also contributes important new information about the widespread Rrf2 family of iron-sulphur cluster-binding regulators, and the variable ways in which they employ a cluster to sense environment change. Purification and reconstitution of [4Fe-4S] RirA R. leguminosarum RirA was over-expressed in E. coli and purified as previously described (Pellicer Martinez et al., 2017) . In vitro cluster reconstitution to generate [4Fe-4S] RirA was carried out in the presence of NifS, as described previously (Crack et al., 2014b) . Protein concentrations were determined using the method of Bradford (Bio-Rad), with bovine serum albumin as the standard. Cluster concentrations were determined by iron and sulphide assays (Crack et al., 2006; Beinert, 1983) or by using an absorbance extinction coefficient at 383 nm for the RirA [4Fe-4S] cluster of 13,460 ± 250 M À1 cm À1 (Pellicer Martinez et al., 2017 ) . 34 S labelled [4Fe-4S] RirA was generated by reconstitution using 34 S-L-cysteine as previously described .
Preparation of samples under low iron and low iron/aerobic conditions
[4Fe-4S] RirA was exchanged into anaerobic 250 mM ammonium acetate, pH 7.3, using a desalting column (PD-10, GE Healthcare) in an anaerobic glove box (O 2 < 2 ppm) and diluted to~30 mM cluster using the same buffer. To simulate low iron conditions, the soluble high affinity iron chelator EDTA (Fe 2+ -EDTA, logK = 14.3, Fe 3+ -EDTA, logK = 25.1) (Martell and Smith, 1974 ) was added at 250 mM (final concentration) and the cluster response was followed via spectroscopy or mass spectrometry. To investigate the sensitivity of [4Fe-4S] RirA to low iron conditions in the presence of O 2 , anaerobic protein samples in 250 mM ammonium acetate, pH 7.3, were rapidly diluted with an airsaturated buffer containing EDTA to give the desired final O 2 and EDTA concentrations and the sample was infused directly into the mass spectrometer via a syringe pump thermostatted at 37˚C, or incubated at 37˚C prior to rapid freezing in liquid nitrogen for EPR measurements. For absorbance experiments, 500 mM glutathione (GSH) was added to the sample to help solubilise oxidised sulphur species that otherwise caused significant scattering of light.
Determination of Fe 2+ -binding affinity via competition assay
The dissociation constant (K d ) for Fe 2+ binding to [3Fe-4S] 0 RirA was determined using an Fe 2+ -binding competition assay employing the well-known divalent metal ligand mag-fura-2 (Rodrigues et al., 2015) . Mag-fura-2 forms a 1:1 complex with Fe 2+ , resulting in a shift of absorbance maximum from 366 nm (for metal-free mag-fura-2) to 325 nm (Rodrigues et al., 2015) . Mag-fura-2 was dissolved in ultra-pure water to give a 2 mM stock solution and stored at À80˚C until needed. Titrations of~7 mM [4Fe-4S] RirA in 25 mM HEPES, 50 mM NaCl, 750 mM KCl, pH 7.5 with mag-fura-2 were carried out under anaerobic conditions at room temperature. Optimisation experiments showed that absorbance changes due to Fe 2+ -binding to the Mag-fura-2 occurred quickly and so UV-visible spectra were recorded using a Jasco V500 spectrometer immediately following each addition of the chelator, such that the titration was complete within~60 min. A potential difficulty of using this or any ligand that gives rise to absorbance in the UV-visible region is that its absorbance spectrum overlaps that of the RirA cluster. Furthermore, the absorbance due to the cluster changes upon loss of a single Fe 2+ , and so a robust method to correct for these changes was required. Fortunately, the absorbance profiles of apo-and divalent metal-bound mag-fura-2 overlap, with an isosbestic point at 346 nm, providing a means to correct for underlying absorbance changes due to the cluster (Rodrigues et al., 2015; Simons, 1993) . Firstly, the spectrum due to initial [4Fe-4S] cluster was subtracted from each subsequent spectrum. Then the data were normalised so that the resulting nest of spectra reported on the changing proportions of Fe 2+ -bound and apo-mag-fura-2. Finally, spectra were corrected for any changes in the subtracted cluster spectrum using a scaling factor that preserved the isosbestic point. Spectra of mag-fura-2 in apo and Fe 2+ forms (in the absence of RirA) were used to assist with this. Changes due to the scaling factor were <0.07 absorbance units, within the range expected for the absorbance change during cluster conversion. From this, the percentage of maximum Fe 2+ -mag-fura-2 complex present (where 100% equated to the concentration of [4Fe-4S] RirA, that is one Fe 2+ per cluster) was plotted as a function of free mag-fura-2. This resulted in a plot with a hyperbolic form, which was fitted with an equation describing a simple binding isotherm using Origin8 (OriginLabs). This yielded an apparent competition dissociation constant from which the K d for RirA was determined using the expression: (Hulme and Trevethick, 2010) . The resulting K d and standard error was determined from three equivalent titration experiments.
ESI-MS measurements
[4Fe-4S] RirA samples were infused directly (0.3 mL/h) into the ESI source of a Bruker micrOTOF-QIII mass spectrometer (Bruker Daltonics, Coventry, UK) operating in the positive ion mode, and calibrated using ESI-L Low Concentration Tuning Mix (Agilent Technologies, San Diego, CA). Mass spectra (m/z 500-1750 for RirA monomer; m/z 1,800-3,500 for RirA dimer) were acquired for 5 min using Bruker oTOF Control software, with parameters as follows: dry gas flow 4 L/min, nebuliser gas pressure 0.8 Bar, dry gas 180˚C, capillary voltage 2750 V, offset 500 V, ion energy 5 eV, collision RF 180 Vpp, collision cell energy 10 eV. Optimisation of experimental conditions for the transmission of dimeric species was achieved by increasing the capillary voltage to 4000 V and the collision RF to 600 Vpp (Laganowsky et al., 2013) . Processing and analysis of MS experimental data were carried out using Compass DataAnalysis version 4.1 (Bruker Daltonik, Bremen, Germany). Neutral mass spectra were generated using the ESI Compass version 1.3 Maximum Entropy deconvolution algorithm over a mass range of 17,300-18,000 Da for the monomer and 34,850-35,810 Da for the dimer. For kinetic modelling, in order to clearly resolve overlapping peaks, multiple Gaussian functions were fitted to the experimental data using a least-squares regression function in Origin 8 (Origin Lab) (Laganowsky et al., 2013) . Exact masses are reported from peak centroids representing the isotope average neutral mass. For apoproteins, these are derived from m/z spectra, for which peaks correspond to [M + nH] n+ /n. For cluster-containing proteins, where the cluster contributes charge, peaks correspond to [M + (Fe-S) x+ + (n-x)H] n+ /n, where M is the molecular mass of the protein, Fe-S is the mass of the particular iron-sulphur cluster of x+ charge, H is the mass of the proton and n is the total charge. In the expression, the x+ charge of the iron-sulphur cluster offsets the number of protons required to achieve the observed charge state (n+) (Johnson et al., 2000) . Predicted masses are given as the isotope average of the neutral protein or protein complex, in which iron-sulphur cluster-binding is expected to be charge-compensated Kay et al., 2016) . Mass spectra are plotted as percentage relative abundances, where the most abundant species is arbitrarily set to 100% and all other species are reported relative to it. Time-resolved MS intensity data for global analysis was processed to generate relative abundance plots of ion counts for the relevant species as a fraction of the total ion count for all species. This permitted changes in relative abundance to be followed without distortions due to variations in ionisation efficiency that normally occur across a data collection run. Some variation in the starting spectrum was observed due to the presence of cluster breakdown products, which affected concentrations of intermediates during the cluster conversion/breakdown process; these variations are represented by error bars in the relative abundance plots of Figures 4 and 7. Such plots were analysed globally using the program Dynafit 4 (BioKin Ltd) (Kuzmic, 1996) , which employs nonlinear least-squares regression of kinetic data, based on multi-step mechanisms, from which fits of the experimental data were generated and rate constants estimated, as previously reported . The presence of breakdown products in the starting spectrum was accounted for by allowing starting abundance to be offset from zero. Briefly, the kinetic model consisted of a series of sequential or branched reactions beginning with the dissociation of cluster. With the exception of the latter, which is a second order process, all steps in the proposed mechanism are first order. All steps of the mechanism are shown in Figure 5 .
Spectroscopy
Absorbance kinetic data at A 386 nm were recorded via a fibre optic link, as previously described (Crack et al., 2007) . EPR measurements were made with an X-band Bruker EMX EPR spectrometer equipped with a helium flow cryostat (Oxford Instruments). Unless stated otherwise, EPR spectra were measured at 10 K at the following instrumental settings: microwave frequency, 9.471 GHz; microwave power, 3.18 mW; modulation frequency, 100 kHz; modulation amplitude, 5 G; time constant, 82 ms; scan rate, 22.6 G/s; single scan per spectrum. Relative concentrations of the paramagnetic species were measured using the procedure of spectral subtraction with a variable coefficient (Svistunenko et al., 2006 ) and converted to absolute concentrations by comparing an EPR spectrum second integral to that of a 1 mM Cu(II) in 10 mM EDTA standard, at non-saturating values of the microwave power. The RirA EPR signal saturation was studied by taking EPR measurements at 13 values of microwave power, ranging from 0.2 mW to 200 mW, at eight temperature values, ranging from 4 K to 50 K. The EPR sample was equilibrated at every new temperature for at least 8 min before the power set of spectra measurements commenced.
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